The transmission properties of semiconductor surfaces can be changed by surface texturing. We investigate these changes experimentally and find that an enhancement of the angle-averaged transmission by a factor of 2 can be achieved with optimum texturing parameters. This enhanced transmission provides an additional light extraction mechanism for high-efficiency surface-textured light-emitting diodes. External quantum efficiencies of 46% and 54% are demonstrated before and after encapsulation, respectively.
The transmission properties of semiconductor surfaces can be changed by surface texturing. We investigate these changes experimentally and find that an enhancement of the angle-averaged transmission by a factor of 2 can be achieved with optimum texturing parameters. This enhanced transmission provides an additional light extraction mechanism for high-efficiency surface-textured light-emitting diodes. External quantum efficiencies of 46% and 54% are demonstrated before and after encapsulation, respectively. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1397758͔
The efficient extraction of light from light-emitting diodes ͑LED's͒ is a major concern in the fabrication of highefficiency LED's. For conventional, unencapsulated LED's with a single out-coupling surface, the external quantum efficiency ext is limited to about 2% by total internal reflection caused by the large difference in the refractive index between the semiconductor and air. Several approaches have been introduced in order to circumvent this problem. Efficiencies above 50% have already been achieved with a truncated-inverted pyramid geometry 1 and with radial outcoupling tapers. 2 Alternative methods to increase ext employ a modification of the spontaneous emission, such as in resonant-cavity LED's, 3 or by coupling to surface plasmons. 4, 5 It has also been shown that light can be extracted from waveguide structures, such as thin-film LED structures, using periodic gratings to couple waveguide modes with freespace modes, 6 using photonic crystals, 7 or random surface texturing. 8, 9 For surface-textured LED's with a rear reflector, we have already reported an external quantum efficiency of 40%. 10 A similar concept has also been demonstrated successfully on organic LED's. 11 The increase in the efficiency of surface-textured LED's with a rear reflector has been attributed to the angular randomization of photons inside the LED, due to the scattering of the photons from the textured semiconductor surface. 8 This explanation implicitly assumes that the transmission properties of the LED surface are not significantly influenced by the texturing. However, it is known that a surface roughness can alter the light transmission, and that it can even result in transmission beyond the critical angle ␣ C of total internal reflection. 12 In this letter, we prove experimentally that an optimized surface texture not only results in light transmission beyond the critical angle, but even allows for an increase of the total transmission beyond what an antireflection coating could achieve. This transmission enhancement is demonstrated to be a major contribution to the light extraction mechanism in surface-textured LED's. Such LED's are shown to reach ext ϭ46% before and ext ϭ54% after encapsulation, respectively.
In order to investigate the transmission properties of textured GaAs surfaces, the angular dependence of the transmission coefficient T(␣) is measured. Semi-insulating GaAs samples are beveled as shown in the inset of Fig. 1 , enabling the insertion of light perpendicularly to the beveled plane. In order to avoid multiple internal reflections inside the sample, a 2 m thick absorbing InGaAs layer is grown on the rear side. The front surface is textured by natural lithography: a monolayer of randomly positioned polystyrene spheres serves as a mask for dry etching, forming randomly positioned cylindrical pillars. For this process, the optimum sphere size for LED surfaces has been found to be 300 nm. A further enhancement of the LED efficiency has been observed for spheres whose initial size of 430 nm is subse- quently reduced in an oxygen plasma prior to the etching. 10 The latter texture is also optimum for encapsulated LED's. For both textures, the etch depth is 180 nm. The sample is illuminated with monochromatic light with a wavelength of 910 nm and a numerical aperture of 0.28. The directionality of the transmitted light is measured by rotating a photodetector around the sample in the incidence plane of the light. This measurement is carried out for both of the aformentioned textures, as well as for untextured reference samples. At incidence angles ␣Ͻ␣ C , all the samples exhibit strong transmission in the direction defined by Snell's Law. For the textured samples, this specular transmission is weaker, and, in addition, scattered light is observed. For the 430 nm texture, this scattered transmission contributes almost 50% of the total transmitted flux. For ␣ Ͼ␣ C , the untextured samples do not exhibit any detectable transmission. In contrast, significant transmission is observed for the textured samples. As shown in Fig. 1͑a͒ , the 300 nm texture exhibits significant transmission for ␣ϭ30°, while the transmission at 60°incidence is negligible. The surface textured with size-reduced 430 nm spheres, however, shows a significant transmission for all measured incidence angles ͓Fig. 1͑b͔͒. The directionality of the transmitted light depends both on the incidence angle and on the surface texturing parameters, with a tendency towards forward scattering for large ␣, as theoretically predicted. 12 For all the samples, no transmission is measured for wavelengths below 870 nm, indicating that no stray light could pass by next to the sample.
The total transmission is measured by placing a largearea photodetector directly on the textured surface. The result is shown in Fig. 2 . For an untextured surface, an excellent agreement with the theoretical transmission coefficient is obtained. For ␣Ͼ␣ C , less than 0.3% of residual transmission is observed, which is due to scratches in the sample or to stray light, and which defines the measurement error. For the 430 nm texture, the transmission at normal incidence is reduced to 39% instead of 68% for the flat sample, while more than 8% transmission is measured for 30°incidence.
The strong transmission for ␣Ͼ␣ C leads to an enhancement of the angle-averaged transmission T , which is the relevant quantity for LED's. For isotropic illumination within the semiconductor, the integration of the transmission of the flat surface over ␣ results in T ϭ1.35%. This corresponds to 2% of the light emitted into the 16°escape cone, and the Fresnel reflection at the surface of 32%. For the sample textured with 430 nm spheres, the same integration results in T ϭ2.6%, using an interpolation between the measured points as shown in Fig. 2 . Similarly, for the 300 nm texturing, T ϭ1.4% is obtained. Thus, even though the 300 nm texturing has an insignificant effect on T , the 430 nm texture approximately doubles it. This enhancement is remarkably larger than that of an ideal antireflection coating (T ϭ2%).
We now study the effect of this enhanced transmission on surface-textured LED's. The LED's are fabricated as described earlier. 9, 10 They are molecular-beam epitaxy ͑MBE͒-grown top-emitting GaAs/AlGaAs LED's with a mesa diameter of 45 m. The device mesa is wet etched through the 120 nm thick active LED layer. A current confining aperture with a diameter of 30 m is fabricated by wet thermal oxidation of an Al 0.98 Ga 0.02 As layer located above the active GaAs layer. For the application of a rear reflector, the devices are released from the GaAs substrate by epitaxial lift off and Van der Waals bonded onto a polyimide/gold mirror. The surface is textured using both of the described parameters. Both textured and untextured LED's are characterized before and after substrate removal. The external quantum efficiency is calculated from the output power measured by a circular photodetector placed above the LED and the measured angular dependence of the light output. All the LED's reach their maximum ext at a current of 3 mA. The typical efficiencies of all LED types fabricated from the same wafer are summarized in Table I . Very similar results were obtained also from other identically processed wafers.
An untextured LED on substrate reaches ext ϭ2.15%, which can be explained by T ϭ1.3% for the top surface and additional light extraction at the mesa edges, which is due to the presence of a lateral waveguide structure inside the LED. 9 Due to the effect of the enhanced transmission, ext increases when the surface is textured. However, even when T is doubled, as for the 430 nm texture, only the amount of light extracted through the top surface is doubled, while the extraction at the mesa edge is hardly influenced. This explains the observed increase of ext by a factor of 1.5 due to texturing.
Substrate removal and the application of a rear reflector results in a significant efficiency increase for all LED's. For the untextured LED's, the light extraction at the mesa edges becomes considerably larger, 9 resulting in ext ϭ18.5%.
When the surface is textured, the efficiency is further increased. For any surface texture, most of this enhancement is due to internal scattering of the light reflected at the top surface. 8 For the 300 nm texture, the surface transmission is not strongly altered, and hence the measured efficiency of 38% for this sample is primarily due to internal scattering.
For such surface-textured LED's with a rear reflector, ext is only limited by reabsorption within the LED structure. 8 The probability of reabsorption is reduced if the photons travel a smaller number of passes through the LED structure. However, for the 430 nm texture, T is enhanced significantly, improving the light extraction per pass, hence reducing the probability for reabsorption and further increasing ext to 46%.
A common method to improve the light extraction from LED's is their encapsulation in epoxy, which effectively widens the escape cone and hence also enhances the transmission T . In order to investigate the effect of the combination of surface texturing and encapsulation, we have placed drops of UV-curable glue on top of the LED's, which are approximately hemispherical with Ϸ150 m diameter. During the efficiency measurement, asymmetries in the emission are accounted for by scanning the angular dependence in multiple directions. The total output power is calculated from each scan, and its average is used for the calculation of the LED efficiency. The standard deviation of the output power for different scans is typically 2%. The efficiencies measured for the best obtained LED's are summarized in Table I. For the untextured LED's on substrate, encapsulation results in an increase of ext by a factor of 2. For the textured LED's, the encapsulation gain is slightly smaller. However, the LED's textured using the optimum 430 nm texture still exhibit a clearly higher ext than the untextured LED's, demonstrating that the enhancement of T is not affected by encapsulation. In addition, the efficiency of the LED's with a mirror is significantly increased by encapsulation. Even without any surface texturing, an ext of 31% is reached. It is important to note that this result is obtained without the use of a resonant-cavity LED structure. For surface-textured LED's with a rear reflector, the encapsulation leads to an increase in ext by a factor of Ϸ1.2, resulting in a maximum ext of 54% obtained with the 430 nm texture. The light output of this LED is compared to that of other types in Fig. 3 .
In conclusion, we have demonstrated an enhancement in the angle-averaged surface transmission coefficient due to surface texturing, and its impact on significantly improving the efficiency of surface-textured LED's.
